The carbon isotope ratios of bog peat in the Ozegahara peatland, Japan, were measured. The vertical variation of the bulk peat featured: 1) rapid decrease of the carbon isotope ratio (δ 13 C) near the surface, 2) broad rises in the ratio around depths corresponding to 3000, 5500, 7500 years BP with a period of approximately 2500 years, and 3) a further decrease toward the bottom. In order to understand the reasons for the changes, peat components were separated and their isotopic composition measured along with modern peat-forming vegetation. The selective decay of holocellulose is responsible for the rapid decrease of δ 13 C in the surface layers, and the transition from earlier vegetation caused the further decrease of δ 13 C near the bottom. The decay constant for holocellulose was estimated to be as small as 0.001 yr -1 . The variation of δ 13 C seemed to be synchronized with sea level change, but showed poor correlation with solar activity and the temperature change estimated from pollen analysis. The δ 13 C of peat mosses lacking in stomata would increase with the rise in atmospheric CO 2 . The increase in the atmospheric CO 2 occurring synchronously with sea level rise could be the reason for the periodical change. Some climatic information of the Holocene period may have been recorded in the Ozegahara bog peat.
Ice cores and peat cores have been used to reconstruct the climatic conditions of the Holocene (e.g., Indermühle et al., 1999; White et al., 1994) . The Ozegahara peatland is the largest in Japan, and has been accumulating for 10000 years. It is located near the middle of Honshu Island, and its carbon isotopic signature is, therefore, expected to be a good indicator of average Holocene climatic change in medium latitudes. Pollen analysis was conducted for a peat core by Sakaguchi (1976 Sakaguchi ( , 1983 . In this study, measurement of δ 13 C in a peat profile sampled from the Ozegahara peatland was examined, firstly to understand the carbon isotopic signature and its variation, and secondly to derive any climatic information.
EXPERIMENTAL METHODOLOGY
A peat core was sampled from Shimotashiro, in the Ozegahara peatland (Fig. 1) during the third academic research expedition (1994) (1995) (1996) arranged by the Ministry of the Environment, Japan. The column sample, of about 5 m length, was taken vertically from the surface in 30 cm sections at a time using a peat corer. The core sample consisted largely of mosses that were colored brown at the time of sampling.
In the laboratory, the core was divided into 2 cm sections, and each section was separately put into a glass container and stored in a freezer. Each sample was there-
INTRODUCTION
Peat is a geochemically interesting phase for several reasons. Firstly, peat has been buried, retarding its decomposition, which has been one of the most important preservation processes to sequester atmospheric CO 2 during geological time (Open University S269 Course Team, 1997) . Secondly, peat is one of the precursors of coal (Cross and Phillips, 1990) . Thirdly, peatland is one of the major sources of methane in the atmosphere (Cicerone and Oremland, 1988) .
Carbon isotopes of plants have been reported to vary in response to the climatic environment. The δ 13 C of atmospheric CO 2 varies with the amount of total biomass (Francey et al., 1995) and affects the δ 13 C of plants. Relative humidity and local temperature affect the assimilation metabolism and stomatal diffusion, which eventually changes the δ 13 C of plants (O'Leary, 1995) . Aridity causes the selection of C4 plants that have a distinct isotopic ratio (Sukumar et al., 1993) . The δ 13 C of peat mosses varies depending on various environmental parameters such as intensity of solar radiation, temperature, water content, and CO 2 concentration (White et al., 1994) .
after individually dried at 80°C for 24 hours prior to further treatment. As reference material, some modern, living plants including mosses, sedges, reeds and cranberries were also sampled near the boring site. More than 10 specimens of each plant species were sampled. Their tissues (roots, stems and leaves) were separated from each other. They were cut into small pieces after drying at 80°C for 24 hours and were mixed thoroughly to obtain a representative sample of each species.
Samples were powdered in a mortar, weighed and analyzed for bulk δ 13 C without any chemical separation. Samples of 2 cm sections from each 30 cm core and modern plants were treated by the following chemical separation method (Japan Wood Research Society, 1985) . Firstly, low-molecular-weight compounds including waxes, terpenoids and resins were removed by a benzene and ethanol mixture (2:1) using a Soxhlet extractor for 6 hours. The residue is designated a non-extractable fraction, and a portion of this fraction was kept for δ 13 C measurement.
The rest of the residue sample was divided into two parts. One part was treated with 72% sulfuric acid for 4 hours, with the residue being further boiled in 4% sulfuric acid for 4 hours, recovered on a filter as a lignin fraction and washed with water and dried. Into the other part, 45 ml of water was added and the part was boiled with 0.3 g of sodium chloride with 0.06 ml of acetic acid at around 75°C. The procedure was repeated three times with a new addition of sodium chloride and acetic acid each time. The residue was collected on a filter as a holocellulose fraction and was washed with water and acetone, and dried. The three fractions were weighed and analyzed for δ 13 C. Isotopic ratio measurement was performed using a stable isotope ratio mass spectrometer of a dual-inlet type (SIRA-10, VG, UK). The 14 C age was determined using an accelerator mass spectrometer (General Ionex, USA) at the Center for Chronological Research, Nagoya University. To minimize contamination from younger organisms, only solid material larger than 1 mm diameter was used, separated with ultra-sonication and decantation. Samples were further washed with HCl and NaOH before being converted to graphite for the 14 C dating. The 14 C ages obtained were related to calendar age using the Radiocarbon Calibration Program, Rev. 4.3, Quaternary Isotope Laboratory, University of Washington (Stuiver and Reimer, 1993) .
RESULTS

Change in bulk δ
13 C The δ 13 C of the bulk samples is summarized in Table  1 . Change in the bulk isotopic data with depth is shown in Fig. 2 . The bulk δ 13 C generally decreased with increasing depth of the sample. The moving average (n = 5) is shown with a thick line. The exponential decrease is seen between the depths of 0 and 50 cm. Three maxima are seen between the depths of 0.7 m and 3.8 m. The ratio decreased with increasing depth below 3.8 m to reach the minimum value of less than -27‰.
Change in components
The results of the constituent analysis are summarized in Table 2 . Figure 3 (a) shows the change in the proportion of components with depth, which is drawn from the data in Table 2 . Difficulty was encountered in the quantitative separation of holocellulose from an overwhelming amount of lignin. The two measurements in Table 2 are not used in Fig. 3 (b), as they are judged from their relatively greater composition and lower ratio values to be analytical artifacts, being contaminated with lignin.
The sum of the lignin and holocellulose fractions accounted for approximately 60% of the original weight. The proportion of the holocellulose fraction decreased rapidly with increasing depth to 100 cm below surface, while that of the lignin fraction increased. Waksman and Stevens (1928) reported that cellulose decays more rapidly than lignin in a bog peat, and the present results are compatible with their conclusion. Sakaguchi (1976) always less than that of the holocellulose fraction. The δ 13 C of the lignin fraction seemed to have a broad maximum between the depths of 1 and 3 m. The δ 13 C data on the lignin fraction in modern plants also indicate a lower δ 13 C than those of the holocellulose fraction (Table 2) . This difference between the lignin and holocellulose fractions of plants was typically 2 or 3‰. There was a secondary difference in δ 13 C levels between species as well as among tissues. Mosses and sedges, the two major peatforming plants, registered a greater δ 13 C than the early vegetation of peat bogs, cranberries and reeds. The δ 13 C levels in roots were always greater than those of leaves, except for mosses and reeds whose roots were not sampled.
Depth-age relationship
The 14 C age does not form a smooth relationship with depth (Table 3, Fig. 4 ). The non-calibrated ages are plotted for easier comparison with those by Sakaguchi (1976) . The curve shows some irregularities showing that the burial rate of the bog peat was not even. An inversion or discontinuity of depth-age relationship was observed between the depths of 40-100 cm and 250-300 cm. Possible explanations for the inversions or discontinuities are the intrusion of roots and the development of "pools". In the latter case, pond sediment containing young carbon could have been covered by a patch of a bog peat layer containing old carbon. Numerous ponds are seen in the modern Ozegahara peatland. One possibility is an increase in water inflow, which could favor the development of pools, causing an inversed or discontinued depth-age relationship. This hypothesis is a likely explanation since any relatively large root-like object was removed from the specimens and there is supporting evidence, as discussed later. Sakaguchi (1976) dated another core sample from Nakatashiro, in the Ozegahara peatland, and obtained similar irregularities in his curve. In Fig. 4 , the depthage relationship reported by him is also shown. The periods during which there was a relatively higher burial rate are shadowed. The correspondence between the two curves indicates that there have been at least two periods favorable for the accumulation of peat in the Ozegahara peatland, around 3000 and 6000 years BP.
DISCUSSION
Decay of holocellulose
The holocellulose fractions have larger δ 13 C values than the lignin fraction ( Fig. 3(b) ) and the proportion of the holocellulose fraction exponentially decreases with increasing depth (Fig. 3(a) ). Incipient decrease of δ 13 C seen in surface peat shallower than 90 cm (Fig. 1) is undoubtedly a result of selective decay of "holocellulose". The results of 14 C dating indicate that the decay of "holocellulose" took place for the first two thousand years after the burial. In Fig. 5 the holocellulose/lignin fraction ratio is plotted against the 14 C date. A decay curve, exp(-λt), was fitted to the curve, where λ is a decay constant. The decay constant of "holocellulose" obtained is approximately 0.001 yr -1 . In the calculation, "lignin" was assumed not to decay at all. For the age axis, the 14 C age was adopted, which would not make a significant difference in the estimation of the decay constants at this precision level.
The overall decay rate of bog peat estimated by models, ranges from 10 -5 to 10 -3 year -1 (compiled by Clymo, 1983) . The rate derived herein, of 10 -3 is the decay rate of holocellulose, and the overall decay rate should be smaller than 10 -3 , which is compatible with the reported rates. Benner et al. (1987) reported the decay rates of both cellulose and lignin in a salt marsh as 0.0014 day -1 and 0.0005 day -1 , respectively. Application of the same ratio to the decay constant of "lignin" (0.0003 yr -1 ) gives an unreasonably high production rate of peat vegetation. The most feasible production rate was obtained by assuming no decay of "lignin". Lignin could decompose, but the breakdown of lignin might join the lignin fraction. Near perfect preservation of lignin has been observed in wood 6000 or 10000 years old recovered from the bottom of a lake and from a peat by us. Freeman et al. (2001) reported the involvement of phenolic compounds promoting the decay of peat, which was activated by the presence of oxygen. The whole of the Ozegahara peatland is a reducing environment, buffered with the Fe 2+ -FeOOH system (Akagi et al., 2002) . The inactivation and/or lack of such molecules in reducing conditions might be the reason for good preservation of "lignin" in the Ozegahara peatland. Most of the carbon to decay to methane in peatlands was reported to be recently fixed carbon (Chanton et al., 1995) and in the case of the Ozegahara peatland that would be mainly within cellulose in the recently produced litter of plants (mosses or sedges).
Transition of vegetation
In the depths lower than 3.8 m, the bulk δ 13 C values decreased to -27.4‰. Reeds grow at the edge of water and at the land border. Reeds are often found to be growing in the first stage of vegetation, and bog peat is developed at the climax stage, which sometimes follows directly after the reed growth (Tallis, 1983) . The δ 13 C values of reed lignin were as low as -28‰ (see Table 2 and Climatic factors to affect δ 13 C of peat The range of time from 2000 to 8000 calibrated years BP was selected for the comparison made here for two reasons: firstly, the time-depth relation was less clear out of the range; secondly, the change in δ 13 C out of the range can be explained by different factors like selective decay of holocellulose or early vegetation as mentioned in an earlier section.
The δ 13 C of plants varies with the external atmospheric isotope ratio and their assimilation rate (Farquhar et al., 1982 (Farquhar et al., , 1989 . The δ 13 C of atmospheric CO 2 during the range of time under consideration was rather constant, with variation being less than 0.3‰ (Indermühle et al., 1999) , and herein its variation is neglected. The assimilation rate of mosses and sedges varies with intensity of light, temperature, water content, and CO 2 concentration in a different manner between the two species (White et al., 1994) .
In Figs. 6(a) and (b), the change in the δ 13 C value is compared with variations in solar activity, as a proxy for light intensity. The change in solar activity was recalculated in the same manner as undertaken by Eddy (1981) using the 14 C data set (Stuiver et al., 1998) . ∆ 14 C is smaller at higher solar activity and minus ∆ 14 C is, therefore, used as a measure of solar activity. The age used to draw Fig.  6 is calibrated years. The correlation of solar activity with δ 13 C value of peat is not clear from the comparison. It is likely that light intensity is not the limiting factor, as White et al. (1994) suggested.
In Figs. 6(a) and (c), the change in the δ 13 C value is compared with changing sea level (Siddall et al., 2003) . The moving average of sea level shows the clear trend shown in Fig. 6 , although uncertainty can be as large as 12 m. The correlation of the δ 13 C data of the peat core with sea level is good, with rise in sea level being synchronized with an increase of δ 13 C. An estimate is that surface water temperature increases about 0.3°C with a 10 m rise in sea level (Siddall et al., 2003) . From this good correlation the following deductions are suggested: 1) the average annual temperature of the Ozegahara peatland was always below 7°C, which is the temperature of the optimum growth of peat mosses-the temperature rise always has had a positive effect; 2) with sea level rise, humidity and precipitation increased, bringing favorable conditions for the growth; and 3) CO 2 concentration in the atmosphere increased with increase of sea level, causing a difference in the assimilation rate.
Temperature would not affect the assimilation rate, as mosses acclimatize to the ambient temperature with a response time of days to weeks (White et al., 1994) . Humidity oppositely affects mosses and sedges: the δ 13 C of mosses increases with humidity whereas that of sedges decreases (White et al., 1994) . Mosses in the absence of stomata have an assimilation rate which is approximately constructed using INTCAL98 data (Stuvier et al., 1998) following the protocols described by Eddy (1981) . The age data are calibrated against the inter-calibration data using the Radiocarbon Calibration Program, Rev. 4.3, Quaternary Isotope Laboratory, University of Washington (Stuiver and Reimer, 1993) . Sea level is from Siddall et al. (2003) . Fig. 3(c) ), quite close to the bulk δ 13 C value of the deepest core. The δ 13 C of modern atmospheric CO 2 , influenced by recent anthropogenic emissions, is lower than that which occurred between 1000 and 7000 years BP by approx. 1‰. Taking into consideration the difference in the δ 13 C of atmospheric CO 2 , the values are almost identical. The transition of vegetation stage of the peatland is likely to be recorded at the change in the isotopic ratio in the core sample. Sakaguchi (1983 Sakaguchi ( , 1989 . a positively proportional function of the atmospheric CO 2 concentration (Silvola, 1985) . Sedges however, having stomata, show a δ 13 C decrease with increase in the atmospheric CO 2 concentration, although the influence of humidity on δ 13 C is greater than the CO 2 concentration. Sakaguchi (1983 Sakaguchi ( , 1989 reported the temperature change indicated from the pollen analysis of an Ozegahara peat core. Figure 7 shows the comparison of the δ 13 C data for peat, compared with the local temperature from the pollen analysis. As the age reported by Sakaguchi was not calibrated against the recent inter-calibration data, the 14 C ages are used for the comparison. The correlation of δ 13 C with the local temperature is not clear (Fig. 7) , which might indicate that the first deduction entered above is not the case. Atmospheric CO 2 concentration change during the last 10000 years, reconstructed from ice core records, differs considerably in different cores (Neftel et al., 1988; Indermühle et al., 1999) and the changes have not been clearly established. If the past sea level data and atmospheric CO 2 concentration are compared (Sigman and Boyle, 2000) , the 12 m rise in sea level would cause an increase in the atmospheric CO 2 by 10 ppm, which would result in an increase of δ 13 C of mosses by 0.7‰ (White et al., 1994) . The variation seen in the δ 13 C record of the Ozegahara peat seems to be explained by the change in the atmospheric CO 2 alone. Moreover, the magnitude and trend of the overall variation of δ 13 C in the peat is also consistent with sea level. We consider that the third deduction, listed above, is permissible.
The increase of the peat burial rate at around 3000 and 6000-7000 years BP could suggest an increase in water supply around these two periods for two reasons: 1) the assimilation rate of mosses increases with water content; and 2) water interrupts the diffusion of oxygen from the atmosphere, to impede the decay of peat. During these two periods, it is considered that water supply increased with the rise of sea level and the atmospheric CO 2 concentration. The rise of δ 13 C in the peat around 5500 year BP would not be explainable by an increase of water supply, and would be better explained by an increase in the atmospheric CO 2 concentration.
Sharp peaks
The sharp peaks of δ 13 C observed in Fig. 6 (a) could be due to the sudden increase in the atmospheric CO 2 concentration. White et al. (1994) observed sharp peaks at 4500 and 10000 year BP. These peaks could correspond to the two peaks (around 4500 and 10000 yr BP) in the δ 13 C record (see Fig. 6(a) ) herein. The peaks around 3000 and 7500 years have not been reported, and they could be regarded as statistical outliers.
CONCLUSIONS
1) Isotopic ratios of the lignin fraction (-26‰) in mosses and sedges were smaller than those of the holocellulose fraction (-21‰). The decomposition rate of the holocellulose fraction was calculated as 0.001 year -1 , with that of the lignin fraction being, of necessity, by far smaller.
2) Isotopic signatures of the peatland seem to endorse a transition in vegetation leading to bog peat formation.
3) The δ 13 C value of peat co-varied with sea level variation. It is most likely that the increase in the atmospheric CO 2 concentration during the periods of high sea level is reflected in the δ 13 C of peat.
